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 Berardinelli-Seip congenital lipodystrophy (BSCL) is an 
autosomal recessive disorder characterized by a near total 
absence of body fat from birth or infancy and associated 
with severe metabolic abnormalities including hyperinsu-
linemia, hypertriglyceridemia, insulin resistance, and type 2 
diabetes ( 1–3 ). To date, mutations involving four different 
genes,  BSCL1 ,  BSCL2 ,  CAV1 , and  PTRF , have been linked to 
this rare genetic disorder, with the fi rst two accounting for 
about 95% of reported cases ( 4–7 ). BSCL type 2 (BSCL2), 
caused by mutations in  BSCL2  (also known as  SEIPIN ), is 
the most severe form of BSCL ( 7 ). BSCL2 is an integral en-
doplasmic reticulum (ER) membrane protein expressed in 
most tissues, including testes and neuronal and adipose tis-
sues ( 7–9 ). Global embryonic deletion of Bscl2 in mice 
leads to lipodystrophy, insulin resistance, fatty liver, and or-
ganomegaly, recapitulating human BSCL2 ( 10–12 ). Bscl2 
knockout rats also demonstrated a lipodystrophic pheno-
type in addition to impairment in brain development and 
spermatogenesis ( 13 ). Various mechanisms whereby Bscl2 
regulates adipose tissue function have been proposed in dif-
ferent species, including regulation of lipid droplet (LD) 
biogenesis in yeast ( 14–17 ), sarcoendoplasmic reticulum 
calcium transport in  Drosophila  ( 18 ), and phospholipid me-
tabolism and PPAR �  activity in rodents ( 19 ). Human Bscl2 
was also reported to interact in vitro with two enzymes of the 
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 Histology and adipocyte size determination 
 Tissue samples were fi xed, processed, and stained with hema-

toxylin and eosin (H&E). Adipocyte size was analyzed with Image 
J software. 

 Immunohistochemistry and immunofl uorescent staining 
 For UCP1 immunohistochemistry, paraffi n-embedded sec-

tions were incubated with anti-UCP1 (ab10983; Abcam), fol-
lowed by detection using the ABC Vectastain Elite kit (Vector 
Labs) according to the manufacturer’s instructions. For PLIN1 
immunofl uorescent staining, paraffi n-embedded sections were 
incubated with anti-PLIN1 (GP29; Progen) followed by detection 
using Texas red goat anti-guinea pig IgG conjugate (Vector 
Labs). 

 Systemic tests 
 Insulin tolerance tests were performed in mice fasted for 6 h 

and then injected ip with human insulin (Humulin; Novo Nord-
isk) at 0.75 U/kg for mice on CD, and 2.0 U/kg for mice on 
HFD. Glucose tolerance tests were performed in mice fasted for 
6 h and then injected ip (for mice on CD) or administered by 
gastric gavage (for mice on HFD) with glucose (1.5 g/kg body 
weight). Blood glucose levels were measured by One-touch Ultra 
glucose meter before and at 15, 30, 60, and 120 min after glucose 
administration. Insulin and leptin levels were measured using 
commercial ELISA kits (Millipore). Glycerol and NEFA levels 
were determined using a free glycerol reagent (Sigma-Aldrich) 
and WAKO NEFA analysis kit (NEFA-HR(2); Wako Pure Chemi-
cal Industries), respectively. Tissue TGs were extracted according 
to Bligh and Dyer ( 32 ), and dissolved in chloroform. A small ali-
quot (5–30  � l) was removed and dried. The TG concentration in 
this aliquot was determined using a TG assay kit (Thermo DMA) 
and normalized to tissue weight ( 33 ). 

 Body composition and analysis of energy balance 
 Fat and lean body masses were measured by NMR-based 

Bruker Minispec mq10 in mice fed CD (performed by Vanderbilt 
Mouse Metabolic Phenotyping Center). Activity, food consump-
tion, oxygen consumption, and energy expenditure for mice, 
3 weeks after TAM administration, were assessed in a metabolic 
monitoring system [Comprehensive Lab Animal Monitoring 
System (CLAMS); Columbus Instruments, Columbus, OH] for 
4 days (2 days of acclimation followed by 2 days of measurement) 
according to the manufacturer’s protocols. Indirect calorimetry 
analyses with mice 12 weeks after TAM administration were 
performed by Vanderbilt Mouse Metabolic Phenotyping Center 
following their standard protocol, using a computer-controlled 
indirect calorimetry system (Promethion; Sable Systems, Las 
Vegas, NV). All measurements were expressed as per mouse or 
normalized to body weight. Locomotor activity was measured by 
counting the number of infrared beam breaks on x and z axes 
during the measurement period. Energy expenditure in re-
sponse to norepinephrine (NE) was measured in Ctrl and 
Ad-mKO mice 12 weeks after TAM administration, following 
completion of the basal readings in the original metabolic cages 
(Vanderbilt Mouse Metabolic Phenotyping Center). The mice 
were removed from the metabolic chambers for a short time 
(6 min) and injected subcutaneously with NE (A7257; Sigma) at 
1 mg/kg before returning to the metabolic chambers where O 2  
consumption and CO 2  production were recorded continuously 
for another 60 min, as previously described ( 34 ). Experiments 
were carried out at ambient temperature (21°C). Cold acclima-
tion was tested in mice housed individually at 4°C in the presence 
of food. Rectal body temperatures were measured by a BAT-12 
thermometer (Physitemp). 

TG synthesis pathway, 1-acylglycerol-3-phosphate O-acyl-
transferase 2 (AGPAT2) and phosphatidate phosphatase 
(LPIN1) ( 20, 21 ). However, whether these or other pathways 
are directly responsible for the failure of adipogenesis in 
mammalian Bscl2-defi cient cells remains to be determined. 

 The promotion of brown fat properties in white adipose 
tissue (WAT) (i.e., browning) has been proposed as a 
promising approach to treating obesity and its compli-
cations ( 22–24 ). Activation of the sympathetic nervous 
system through  � -adrenergic receptors (ARs), in particular 
 � 3-AR (ADRB3), which is predominantly expressed in adi-
pose tissue ( 25 ), is closely linked to the induction of thermo-
genic beige adipocytes (also known as brite, inducible brown, 
or brown-like adipocytes) in rodents and humans ( 26–29 ). 
Cold exposure or ADRB3 agonists activate the classic lipolytic 
pathway through ARs to stimulate cAMP/protein kinase A 
(PKA) signaling, lipid mobilization, and browning in WAT 
( 30 ). Bscl2-defi cient murine embryonic fi broblasts or stro-
mal vascular cells exhibited increased basal cAMP/PKA-
mediated lipolysis during differentiation, leading to termina-
tion of adipogenesis ( 10, 12 ). Conversely, adipose-specifi c 
SEIPIN knockout (ASKO) mice with FABP4-Cre-mediated 
Bscl2 deletion exhibited decreased lipolysis in response to 
 � -AR agonists in vivo ( 19 ). The reasons for these apparently 
discrepant fi ndings are unclear. Moreover, whether Bscl2 in-
fl uences browning of mature WAT to regulate adiposity and 
energy balance, independent of its effect on adipocyte dif-
ferentiation and adipose tissue development, is unknown. 

 In this study, we utilized the tamoxifen (TAM)-induc-
ible adiponectin promoter driven Cre ERT2 -LoxP system to 
generate adipose tissue (mature) Bscl2 knockout (Ad-mKO) 
mice, in which Bscl2 is specifi cally deleted in mature adi-
pocytes of adult animals, to investigate the impact of ac-
quired Bscl2 defi ciency. Our fi ndings identify Bscl2 as a 
regulator of lipolysis, browning, and ADRB3 signaling in 
mature adipocytes, suggesting that Bscl2 is not only essen-
tial for adipocyte differentiation and adipose tissue devel-
opment, but that it also regulates the function of mature 
adipocytes with regard to whole-body energy balance. 

 MATERIALS AND METHODS   

 Mice 
  Bscl2 f/f   mice ( 10 ) were backcrossed to C57BL/6 for eight gen-

erations and then interbred with mice in which Cre expression is 
driven by adiponectin promoter-induced by TAM [ AdipqCre ERT2+   
mice ( 31 )] to generate TAM-inducible Ad-mKO mice. Male mice 
(8–10 weeks old) were gavaged with TAM (Sigma, St. Louis, MO) 
for fi ve consecutive days at 4 mg/20 g of body weight. All studies 
used  Bscl2 f/f   littermates simultaneously treated with TAM as 
wild-type control (Ctrl) mice ( Fig. 1A ). All mice, unless specifi ed, 
were maintained under standard conditions with controlled 12 h 
light-dark cycle at 21°C ambient temperature. Mice were fed with 
a chow diet (CD) (2018 Teklad Global 18% protein rodent diet; 
Harlan Laboratories). For diet-induced obesity, 12 days after 
TAM treatment, mice were fed a high fat diet (HFD) (60% fat by 
kcal, D12492; Research Diets Inc.) until the end of the experi-
mental protocol. Body weight was measured weekly. All animal 
experiments were approved by the IACUC at Georgia Regents 
University (IACUC fi le #2012-0462). 
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polystyrene tubes. Fatty acid oxidation was performed ex vivo, as 
previously described ( 36 ). Fatty acid oxidation in isolated adipo-
cytes was performed as previously described with modifi cations 
( 35 ). Briefl y, adipocytes were isolated by collagenase digestion 
and washed in KRBH plus 2% BSA and 5.5 mM glucose buffer. 
Incubation medium was added to suspend the adipocytes at 1.5 × 
10 5  cells/ml. Equal (1 ml) aliquots of cell suspensions were trans-
ferred to 13 ml polystyrene tubes and incubated in KRBH me-
dium supplemented with 2% BSA, 5.5 mM glucose, 300  � M 
palmitic acid and 0.4  � Ci/ml [1- 14 C]palmitic acid (Perkin Elmer 
Life Sciences). Tubes were then sealed with a rubber stopper 
which contained hyamine hydroxide-soaked fi lter paper and in-
cubated at 37°C for 2 h while gently shaking every 30 min  . After 
2 h, 500  � l 1 M perchloric acid was injected into the tubes to re-
lease the [ 14 C]CO 2 , and the incubation was continued at 37°C for 
1 h. Fatty acid oxidation with BAT homogenates was performed 
as previously described ( 37 ). Pieces of BAT tissue ( � 15 mg) were 
placed in STE buffer [1 M sucrose, 10 mM Tris (pH 7.5), and 
1 mM EDTA] containing a protease inhibitor and homogenized 
using a Tefl on dounce homogenizer (eight strokes). Tissue ho-
mogenates (20  � l) were used to measure fatty acid oxidation for 
1 h. The [ 14 C]CO 2  released was measured by scintillation count-
ing of the fi lter paper, while acid-soluble metabolites were ana-
lyzed by centrifugation and counting of  14 C radioactivity in the 
supernatant. Data were normalized to the tissue weight for fat 
explant and the total protein content for BAT homogenates, 
respectively. 

 Immunoblot analysis 
 Tissues were homogenized and lysed in lysis buffer containing 

25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% Tri-
ton X-100, and 10% glycerol with freshly added protease in-
hibitor cocktail (Sigma) and 50 mM NaF, 10 mM sodium 
pyrophosphate, and 1 mM sodium vanadate. The protein con-
centration was determined by BCA protein assay (Bio-Rad). 
Equal amounts of proteins were loaded and immunoblot analysis 
was carried out according to standard protocol. The following 
antibodies were used: rabbit polyclonal Bscl2 antisera (directed 
against C-terminal 17 amino acids of mouse Bscl2; Thermo Scien-
tific); rabbit antibodies against p-AKT-Ser473 (4060), AKT 
(9272), IR �  (3025), phospho-PKA substrate (9624), HSL   (4107S), 
and phospho-HSL (Ser563) (4139S) (Cell Signaling Technology); 
GAPDH (Fisher Scientifi c); PLIN1 (GP29; Progen Biotechnik); 
ATGL (10006409; Caymen Chemicals); PLIN2 ( 38 ); GAPDH 
(MAB374; Fisher Scientifi c); ADRB3 (Sc-1473; Santa Cruz); and 
UCP1 (AB1426; Millipore). 

 Statistical analysis 
 Quantitative data are presented as mean ± SEM. Experiments 

were performed from at least two independent cohorts. Differ-
ences between groups were examined for statistical signifi cance 
with two-tailed Student’s  t -test or by two-way ANOVA using Sig-
maPlot software.  P  < 0.05 was considered statistically signifi cant. 

 RESULTS 

 Adipose tissue-specifi c deletion of Bscl2 in adult animals 
causes progressive fat loss 

 To examine the cell-autonomous role of Bscl2 in mature 
adipocytes, we generated Bscl2 Ad-mKO mice (  Fig. 1A  ).  
RT-PCR indicated that 12 days after TAM administration, 
Bscl2 was selectively deleted in WAT and BAT, but not in 

 RNA-sequencing and data analysis 
 RNA was isolated from adipose tissue using Trizol TM , and 

cDNA libraries were generated using the Illumina TruSeq RNA 
sample preparation kit following the manufacturer’s instruc-
tions. Briefl y, mRNA was isolated by oligo-dT beads and frag-
mented using divalent cations at 95°C for 5 min. Fragmented 
mRNA was converted to cDNA that was further purifi ed and sub-
jected to an adaptor ligation containing the respective index se-
quences. Six samples were pooled onto a single lane for Illumina 
Hiseq2500 multiplex sequencing under a 50 cycle paired-end 
protocol. The Illumina sequencing tool, Casava version 1.8, was 
employed for converting raw images to base calls, generating se-
quence reads, and demultiplexing the reads into the correspond-
ing index-attached fi les. The generated FASTQ fi les were aligned 
to the mouse genome mm9 by using the TopHat program  . The 
R package, DESeq, was employed for differential expression testing 
based on the raw counts of sequencing data. Differential test-
ing was performed using negative binomial distribution and size 
factor-normalized data, and was limited to the genes with overall 
sum of counts (irrespective of biological condition) >10 [PMID: 
20979621]. The differential gene profi les were subsequently pro-
duced as indicated, in terms of “log2 fold changes” with  P  values 
between the two tested groups. Based on the top 200 genes that 
showed the most signifi cant differences ( P  < 0.05), enrichment of 
the gene ontology (GO) biological process terms was analyzed 
using the GOEAST [PMID: 18487275] program. 

 Transcriptional profi ling by real-time quantitative PCR 
 Total RNA was isolated from tissues with TRIzol (Invitrogen) 

and reverse-transcribed using MLV-V reverse transcriptase using 
random primers (Invitrogen). Real-time quantitative RT-PCR was 
performed on the Stratagene MX3005. Data were normalized to 
two housekeeping genes (cyclophilin A and 36B4) based on the 
geNorm algorithm (https://genorm.cmgg.be/  ) and expressed as 
fold changes relative to Ctrl mice. All tissue gene expression stud-
ies were performed in mice after a 4 h fast. Supplementary Table 2 
lists the RT-PCR primer sequences for genes that were analyzed. 

 Lipolysis in vitro, ex vivo, and in vivo 
 Adipocytes from epididymal WAT (eWAT) and brown adipose 

tissue (BAT) were isolated using collagenase IV digestion (2 mg/
ml). After washing, adipocytes (1.5 × 10 5  cells) were incubated 
with Krebs-Ringer bicarbonate-HEPES (KRBH) buffer (pH 7.4), 
supplemented with 2% fatty acid-free BSA and 5.5 mM glucose for 
2 h at 37°C with occasional shaking in the absence or presence of 
10  � M CL316,243. Cell-free buffer was collected for glycerol and 
NEFA levels. Data were expressed as glycerol or NEFA released 
per 1.5 × 10 5  cells during 2 h incubation. For brown adipocyte li-
polysis, data were normalized to total lipid content, as previously 
described ( 35 ). For ex vivo lipolysis, epididymal fat pads were re-
moved postmortem and cut into 10–15 mg pieces. Fat pads (three 
explants from each animal) were further minced to  � 2 mm 
pieces and distributed into 48-well plates containing 0.25 ml 
KRBH-2% fatty acid-free BSA medium for 2 h at 37°C in a humidi-
fi ed atmosphere saturated with 95% O 2 -5% CO 2  (n = 5 per genotype 
per experiment). The medium was then collected for determina-
tion of glycerol and NEFA levels and normalized to wet tissue 
weight. For  � 3-AR-agonist-induced in vivo lipolysis assays, mice 
were fi rst fasted for 4 h. Blood samples were obtained before and 
15 min following ip injection of PBS or 0.1 mg kg  � 1  CL316,243 
(Sigma-Aldrich) for determination of NEFA and glycerol levels. 

 Fatty acid oxidation 
 Minced fat pads were washed in KRBH plus 2% BSA buffer 

and placed in 1 ml incubation medium in 13 ml round bottom 
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  Fig. 1.  Acquired loss of Bscl2 in mature adipose tissue reduces adiposity and induces white adipocyte re-
modeling. A: Strategy in generating TAM-inducible adipose-specifi c deletion of Bscl2 gene by gavaging TAM 
daily for fi ve consecutive days in adult 8–10-week-old male  Bscl2 f/f   (Ctrl) and  Bscl2 f/f  AdipqCre ERT2+   (Ad-mKO) 
mice. B, C: Detection of Bscl2 in adipose tissue by RT-PCR (B) and Western blot (C) of eWAT in mice 12 days 
(12d) after TAM treatment. D: eWAT. E: sWAT mass as normalized to body weight (BW) 12 days, 4 weeks 
(4w), and 12 weeks (12w) after TAM treatment. Overall fat mass (F) and lean mass (G) as normalized to BW 
[n = 6–8 per group for (B–G)]. H: Gross anatomy and representative images of H&E-stained sections of 
eWAT and sWAT from Ctrl and Ad-mKO mice 12 weeks after TAM treatment. Arrow indicates smaller adipo-
cytes. Scale bar = 100  � m. I. Representative confocal images of PLIN1-stained adipose tissue and the average 
diameter (in microns) of 500 adipocytes in eWAT from six animals per group by Image J in mice 12 weeks 
after TAM treatment. Arrow indicates smaller adipocytes stained by PLIN1 antibody. Scale bar = 100  � m. * P  
< 0.05, ** P  < 0.005.   

other organs, such as liver and heart ( Fig. 1B ). This was 
the earliest stage that we could consistently detect Bscl2 
deletion in mature adipose tissues after TAM treatment. 
Western blot confi rmed the specifi c deletion of Bscl2 in 
eWAT ( Fig. 1C ). Fat mass was not reduced 12 days after 
TAM-induced deletion, but 12 weeks after TAM adminis-
tration Ad-mKO mice exhibited a 54% reduction in eWAT 
mass and a 45% reduction in subcutaneous WAT (sWAT) 
mass as compared with Ctrl mice ( Fig. 1D  and  Fig. 1E , re-
spectively), which resulted in an overall 40% reduction in 
total adiposity ( Fig. 1F ) and a slight 2.7% increase in lean 
mass ( Fig. 1G ). Histological analysis demonstrated an un-
usual pattern of adipocyte size changes in eWAT of Ad-
mKO mice evidenced by increased proportions of both 
smaller and larger adipocytes ( Fig. 1H, I ), which was con-
fi rmed by immunofl uorescent staining of PLIN1 ( Fig. 1I ). 
Similar fi ndings were observed in sWAT ( Fig. 1H ). These 
data indicate that deletion of Bscl2 in mature adipocytes 

of adult animals regulates adiposity and adipocyte size 
while promoting a lean phenotype. 

 Bscl2 Ad-mKO mice are resistant to diet-induced obesity 
and dyslipidemia, but are susceptible to fatty liver and 
insulin resistance on a HFD 

 Ad-mKO mice maintained similar body weight as Ctrl 
mice on normal CD (  Table 1  ),  but gained less weight 
when fed with a HFD for 10 weeks starting from 12 days 
after TAM administration, resulting in  � 70% reduction in 
combined WAT depot weight compared with Ctrl mice 
(  Fig. 2A–C  ).  Fasting plasma glucose and cholesterol levels 
were comparable between Ctrl and Ad-mKO mice on CD 
and HFD ( Table 1 ). However, fasting plasma TG, NEFA, 
and glycerol levels were signifi cantly lower in Ad-mKO 
mice on both CD and HFD, as compared with Ctrl mice on 
the corresponding diets ( Table 1 ). Liver weight and TG 
content in Ctrl and Ad-mKO mice on CD were similar; 
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 TABLE 1. Plasma parameters in Ctrl and Ad-mKO mice on CD and HFD      

CD HFD

Ctrl (n = 6) Ad-mKO (n = 7) Ctrl (n = 6) Ad-mKO (n = 6)

BW (g) 30.2 ± 0.94 30.18 ± 0.7 42.1 ± 1.4 35.4 ± 1.4  b  
Glucose (mg/dl) 144 ± 20 166 ± 20 221 ± 9 190 ± 15
TG (mg/dl) 33.5 ± 2.9 23 ± 3  a  40.6 ± 3.6 28.2 ± 1.8  a  
Total cholesterol (mg/dl) 116 ± 22 119 ± 14 175 ± 16 195 ± 21
NEFA (mM) 0.49 ± 0.02 0.34 ± 0.05  a  0.64 ± 0.04 0.53 ± 0.03
Glycerol (mg/dl) 28.5 ± 4 13.6 ± 1.6  a  32 ± 3 16 ± 2  b  
Insulin (ng/ml) 0.96 ± 0.08 1.06 ± 0.14 8.1 ± 1.4 15.1 ± 3.5  a  

Male mice (8–10 weeks old) were treated with TAM for fi ve consecutive days by gavage. Twelve days after TAM 
administration, mice were either maintained on CD or fed with HFD for up to 10 weeks. Plasma was collected from 
mice fasted for 4 h for the indicated assays. Data are presented as mean ± SE. BW, body weight.

  a P  < 0.05 between the Ctrl and  Ad-mKO  mice.
  b P  < 0.005 between the Ctrl and  Ad-mKO  mice.

  Fig. 2.  Ad-mKO mice are protected from HFD-induced obesity, but are susceptible to hepatic steatosis and 
insulin resistance . A–C: Whole body images (A), growth curves (B), and fat tissue mass (C) in Ctrl and Ad-
mKO mice fed with HFD for 10 weeks. D: Liver weight as normalized to body weight (BW). E: Liver H&E 
staining. Scale bar = 100  � m. F: Liver TG content in Ctrl and Ad-mKO mice on CD and HFD. G, H: Insulin 
tolerance test (left) and glucose tolerance test (right) on mice fed with CD (G) and HFD (H) after 6 h fast 
(n = 6–8 per group). I, J: Basal insulin signaling in eWAT (I) and liver (J) of Ctrl (C) and Ad-mKO (K) mice 
on CD and HFD after a 4 h fast. Representative Western blots from two different cohorts (n = 4 total). * P  < 
0.05, ** P  < 0.005 versus Ctrl mice on the same diet. # P  < 0.05, ## P  < 0.005 versus CD.   

however, Ad-mKO mice on HFD exhibited a 2-fold in-
crease in liver weight ( Fig. 2D ) and  � 130% elevation in 
liver TG content compared with Ctrl mice, suggesting hep-
atomegaly and steatosis ( Fig. 2E, F ). In contrast, there was 

no increase in skeletal muscle TG content in Ad-mKO 
mice on either CD or HFD, as compared with Ctrl mice 
(supplementary Fig. 1A). Fasting serum insulin levels were 
similar in both groups of mice on CD, but insulin levels 
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(  Table 2  ).  The main transcriptional fi ngerprints that were 
substantially altered in eWAT by acquired loss of Bscl2 are 
shown in   Fig. 3A  .  Specifi cally, RNA-sequencing (RNA-seq) 
identifi ed >2-fold upregulated expression of genes associ-
ated with browning ( Ucp1 ,  Fabp3 ,  Cidea ,  Elovl3 ,  Cox8b ,  Fgf21 , 
and  Nnat ),  � -oxidation ( Cpt1 �   and  Pdk4 ), and mitochon-
drial oxidative phosphorylation (Chchd10 and Cyb5br1) 
following deletion of Bscl2 in mature adipocytes ( Fig. 3A ). 
Additionally, deletion of Bscl2 upregulated genes involved 
in sterol and cholesterol metabolism ( Insig1 ,  Fdps , and  
Mvd ), phospholipid metabolism ( Pla2g2e ), glycerol phos-
phorylation ( Gyk ), and lipoprotein uptake ( Ldlr ). We con-
fi rmed these changes by RT-PCR in eWAT from mice 
12 days after Bscl2 deletion ( Fig. 3B ). Immunohistochem-
istry and Western blotting confi rmed increased UCP1 pro-
tein expression in eWAT of Ad-mKO mice 12 days after 
TAM administration ( Fig. 3D ). Meanwhile, the expres-
sion of two other important fatty acid oxidation genes 
[ Ppar �   and  Acadl  ( Lcad )] was consistently upregulated 
in eWAT of Ad-mKO mice (supplementary Excel fi le; 
 Fig. 3C ). In contrast, the expression of general adipo-
cyte marker genes, including  Ppar � 2 ,  ap2 , and  C/ebp �  , was 
not altered ( Fig. 3C ), while leptin, a WAT marker gene 
( 39 ), was downregulated ( Fig. 3C ). Interestingly,  Agpat2 , 
an enzyme governing the conversion of lysophosphatidic 
acid (LPA) to phosphatidic acid (PA  ) ( 40, 41 ), was the 
only TG synthesis pathway gene that was induced in eWAT 
12 days after Bscl2 deletion (supplementary Excel fi le; 
 Fig. 3C ). By 12 weeks, the Ad-mKO mice only exhibited 
34% deletion of Bscl2 [as compared with 93% deletion at 
12 days ( Fig. 1B )] in eWAT, but induction of browning and 
 � -oxidation genes was largely sustained (supplementary 
Fig. 2A). Expression of  Pref1 , a preadipocyte marker gene 
( 42 ), was substantially downregulated, while expression of 

were elevated in HFD-fed Ad-mKO mice, indicating insu-
lin resistance ( Table 1 ). Indeed, insulin sensitivity was sig-
nifi cantly impaired in HFD-fed Ad-mKO mice ( Fig. 2G, H , 
left panels). However, Ad-mKO mice maintained normal 
glucose tolerance on HFD ( Fig. 2G, H , right panels) de-
spite minimal differences in plasma insulin levels in re-
sponse to glucose administration   (supplementary Fig. 1B). 
Basal AKT phosphorylation (S473) in eWAT ( Fig. 2I ) and 
IR �  protein expression in liver ( Fig. 2J ) were reduced in 
Ad-mKO mice as compared with Ctrl mice on HFD. Basal 
Akt phosphorylation (S473) and IR �  protein expression 
in skeletal muscle were similar in both groups of mice on 
CD or HFD (supplementary Fig. 1C). These data suggest 
that eWAT and liver are the primary tissues that render 
HFD-fed Ad-mKO mice insulin resistant. 

 Acquired loss of Bscl2 in adult mature adipocytes induces 
browning and fatty acid oxidation 

 To investigate the molecular basis whereby Bscl2 dele-
tion induces fat loss, we carried out next-generation RNA 
sequencing in eWAT from Ctrl and Ad-mKO mice 12 days 
after TAM administration. This enabled us to identify early 
changes in gene expression patterns induced by Bscl2 
deletion, prior to the development of potentially con-
founding metabolic perturbations. A total of 21,976 gene 
transcripts were identifi ed, and 207 genes exhibited greater 
than 2-fold changes in expression (1 < log2 <  � 1, adjusted 
 P  value < 0.05) (supplementary Table 1, n = 3 pooled from 
nine animals). An additional 1,008 genes were differen-
tially expressed to a lesser degree (adjusted  P  value < 0.05, 
supplementary Excel fi le). Genetic pathway analysis of the 
top 200 genes mapped to the GO biological processes 
linked to lipid metabolism, including fatty acid oxidation, 
cholesterol, sterol, and phosphatidylcholine metabolism 

 TABLE 2. Functional classifi cation of biological processes by GOEAST [PMID: 18487275]      

GO Identifi cation Term Level Log Odds-Ratio  P 

GO:0019752 Carboxylic acid metabolic process 6 2.26 2.27E-07
GO:0032787 Monocarboxylic acid metabolic process 7 2.64 5.72E-06
GO:0006631 Fatty acid metabolic process 8 2.79 4.40E-05
GO:0019217 Regulation of fatty acid metabolic process 6 3.75 0.002402
GO:0046470 Phosphatidylcholine metabolic process 8 4.46 0.01085
GO:0009062 Fatty acid catabolic process 9 3.78 0.010955
GO:0042304 Regulation of fatty acid biosynthetic process 7 4.29 0.015209
GO:0006695 Cholesterol biosynthetic process 7 4.29 0.015209
GO:0045833 Negative regulation of lipid metabolic process 6 3.64 0.015215
GO:0008203 Cholesterol metabolic process 6 3.12 0.018173
GO:0072329 Monocarboxylic acid catabolic process 8 3.48 0.022193
GO:0006635 Fatty acid  � -oxidation 10 4.00 0.027045
GO:0016126 Sterol biosynthetic process 6 4.00 0.027045
GO:0019318 Hexose metabolic process 6 2.69 0.027395
GO:0046395 Carboxylic acid catabolic process 7 2.68 0.02781
GO:0046890 Regulation of lipid biosynthetic process 6 2.96 0.029911
GO:0007169 Transmembrane receptor protein tyrosine 

 kinase signaling pathway
7 2.23 0.031379

GO:0006656 Phosphatidylcholine biosynthetic process 9 4.82 0.032319
GO:0015908 Fatty acid transport 10 3.72 0.047506
GO:0043066 Negative regulation of apoptotic process 7 1.60 0.049827

Levels 6–10 are shown. The top 200 most differentially expressed genes were selected, and the mouse genome 
was chosen as background in the analysis. Results with adjusted  P  < 0.05 and Log odds-ratio >1 are listed in the 
order of  P  value. Log odds-ratio indicates the relative abundance of this GO term compared with a random 
situation. Log odds-ratio = 1 means that this GO term is twice as abundant in the listed genes in comparison with 
the random situation.
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WAT. PKA-mediated substrate phosphorylation (detected 
by antibody against phospho-PKA substrate) and HSL 
phosphorylation were upregulated in eWAT of Ad-mKO 
mice, while expression of ATGL and HSL, the two major 
lipases in eWAT, was unaltered. Expression of PLIN2, a 
PPAR �  targeted LD protein ( 43 ), was markedly upregu-
lated at both the mRNA ( Fig. 3A, B ) and protein levels 
( Fig. 4C ). By 12 weeks after TAM administration, changes 
in PKA-mediated HSL phosphorylation had largely dis-
appeared, whereas PLIN2 protein expression remained 
higher in WAT of Ad-mKO mice (supplementary Fig. 3A). 

 Expression of M1 and M2 macrophage marker genes 
was unchanged 12 days after Bscl2 deletion, but was slightly 
upregulated after 12 weeks (supplementary Fig. 4A); im-
munohistochemical staining for F4/80 confi rmed in-
creased macrophage infi ltration in eWAT of Ad-mKO 
mice (supplementary Fig. 4B). The eWAT of Ad-mKO 
mice also exhibited marked upregulation of ER stress 
marker proteins, including BIP and PDI, indicating that 
Bscl2 deletion induces ER stress in mature WAT (supple-
mentary Fig. 4C). Expectedly, the eWAT of Ad-mKO mice 
had lower DNA content, as compared with Ctrl mice, 12 
weeks after TAM administration, consistent with reduced 
total cell numbers in the smaller fat pads of Ad-mKO mice 
(supplementary Fig. 4D). Together, these data support 

 Agpat2  and, to a lesser extent, the de novo lipogenic gene, 
 Scd1 , was upregulated at this time point (supplementary 
Fig. 2A). Increased expression of browning genes was 
also observed in sWAT after Bscl2 deletion, as confi rmed 
by RT-PCR (supplementary Fig. 2B) and UCP1 staining 
(supplementary Fig. 2C); these changes were not sus-
tained, however, at the 12 week time point (supplementary 
Fig. 2B). In line with increased expression of fatty acid oxida-
tion genes, the production of  14 CO 2  from 1- 14 C-palmitic 
acid was increased >2-fold in eWAT fat explants ( Fig. 3E ) 
and 1.5-fold in isolated adipocytes ( Fig. 3F ) from Ad-mKO 
mice, as compared with Ctrl mice. These data suggest that 
beige adipocyte function is induced by Bscl2 deletion in 
WAT. 

 Bscl2 deletion in mature adipocytes triggers 
PKA-mediated lipolysis and TG breakdown 

 The increased fatty acid oxidation in eWAT of Ad-mKO 
mice prompted us to analyze whether Bscl2 deletion in 
mature adipocytes induces TG breakdown. Lipolysis assays 
performed in fat explants and isolated adipocytes from 
eWAT demonstrated increased release of NEFA and glyc-
erol in Ad-mKO mice compared with Ctrl mice 12 days af-
ter TAM administration (  Fig. 4A   and  Fig. 4B , respectively),  
suggesting that Bscl2 deletion induces lipolysis in mature 

  Fig. 3.  Acquired loss of Bscl2 in adult adipose tissue induces browning and fatty acid oxidation. A: Heat 
map from RNA sequencing (three repeats pooled from nine animals per group). B, C: RT-PCR analysis of 
browning and lipid metabolism-related genes in eWAT 12 days after TAM treatment (n = 6 per group). D: 
Representative images of immunohistochemical staining (brown stain) and Western blotting for UCP1 in 
eWAT of Ctrl and Ad-mKO mice 12 days after TAM treatment (n = 4 each). Ctrl BAT lysate was included as 
positive control. Scale bar = 100  � m. E, F: Fatty acid oxidation in eWAT fat explants (n = 4 in duplicates) (E) 
and isolated adipocytes (1.5 × 10  � 5  cells per sample pooled from four animals per group) (F) based on con-
version of  14 C-palmitate to  14 CO 2 . * P  < 0.05; ** P  < 0.005.   
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of ADRB3 and the diminished fat mass in these mice. 
Plasma levels of NE were comparable between the two geno-
types (supplementary Fig. 5C), suggesting that changes in 
ADRB3 expression in WAT were not secondary to altera-
tions in global sympathetic tone. CL316,243-stimulated 
glycerol release was attenuated by >50% in isolated adipo-
cytes from eWAT of Ad-mKO mice compared with Ctrl 
mice 12 days after TAM administration ( Fig. 4F ), confi rm-
ing functional impairment of ADRB3. Basal lipolysis was 
minimally elevated, but responses to CL316,243 were un-
changed in isolated adipocytes from eWAT of Ad-mKO 
mice 12 weeks after TAM administration (supplementary 
Fig. 5D), potentially due to diminished Bscl2 deletion ef-
fi ciency at this later time point (40% in contrast to 97% 12 
days after TAM injection) (supplementary Fig. 5E). Never-
theless, CL316,243-stimulated PKA substrate phosphoryla-
tion was attenuated in eWAT from Ad-mKO mice ( Fig. 
4G ). Together, our fi ndings are consistent with enhanced 
basal PKA-mediated lipolysis concomitant with a paradoxi-
cal reduction of ADRB3-stimulated lipolysis following de-
letion of Bscl2 in mature WAT. 

a role for Bscl2 in regulating mature adipose tissue lipoly-
sis and adipose depot cell content. 

 Acquired loss of Bscl2 in adult mature adipocytes 
downregulates ADRB3 

 Unexpectedly, RNA sequencing demonstrated that 
Bscl2 deletion in mature adipocytes reduced mRNA ex-
pression of  Adrb3 , a major G protein-coupled AR that 
regulates adipocyte lipolysis in rodents ( 27 ) (supple-
mentary Excel fi le). Indeed, expression (mRNA and 
protein) of ADRB3 was downregulated by 50% ( Fig. 4D ) 
and remained depressed 12 weeks after Bscl2 deletion 
in eWAT from Ad-mKO mice (supplementary Fig. 5A). 
Moreover, Bscl2 deletion in Ad-mKO mice attenuated li-
polytic responses to CL312,643, a specifi c ADRB3 ago-
nist, as evidenced by reduced changes in circulating 
NEFA and glycerol levels following CL316,243 adminis-
tration ( Fig. 4E ). The impaired CL316,243-mediated 
NEFA and glycerol release was further exacerbated in 
Ad-mKO mice 12 weeks after TAM administration (sup-
plementary Fig. 5B), likely due to both downregulation 

  Fig. 4.  Acquired loss of Bscl2 in adult adipose tissue induces basal PKA-mediated lipolysis but downregu-
lates  � 3-AR signaling. A, B: NEFA and glycerol released from fat explants as normalized to tissue weight (n = 
4 in duplicates) (A) and isolated adipocytes (1.5 × 10 5  cells per sample pooled from four animals) (B) from 
eWAT of Ctrl and Ad-mKO mice. C: Western blot in eWAT of Ctrl and Ad-mKO mice (n = 3). D: mRNA and 
protein expression of Adrb3 in eWAT of Ctrl and Ad-mKO mice (n = 6). E: Plasma NEFA and glycerol in 
vehicle without CL ( � CL) and CL316,243 with CL (+CL) injected Ctrl and Ad-mKO mice (n = 6 per group). 
F: Vehicle-stimulated ( � CL) and CL316,243-stimulated (+CL) glycerol release (fold change) in isolated adi-
pocytes (1.5 × 10 5  cells per sample pooled from at least four Ctrl and Ad-mKO mice). Experiments in (A–F) 
were performed in mice 12 days after TAM injection. G: PKA-mediated phosphorylation in eWAT of 4 h-
fasted Ctrl (C) and Ad-mKO (K) mice (12 weeks after TAM injection) with vehicle ( � CL) and CL316,243 
(+CL) stimulation for 10 min. * P  < 0.05, ** P  < 0.005 versus Ctrl on the same treatment. # P  < 0.05 versus –CL 
within same genotype.   
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We also measured energy expenditure in mice in response 
to acute NE stimulation. Heat production was attenuated 
( Fig. 5I ), while RER ( Fig. 5J ) was higher after NE adminis-
tration in Ad-mKO mice as compared with Ctrl mice, con-
sistent with impaired  � -adrenergic-mediated lipolysis and 
fatty acid oxidation. Taken together, these data suggest that 
targeted Bscl2 deletion in mature adipose tissue induces a 
leptin-independent reduction in food intake and a mild 
increase in energy expenditure in the face of blunted  � -
adrenergic-stimulated lipolysis. On balance, these effects 
contribute to fat loss in Ad-mKO mice. 

 Bscl2 deletion activates brown adipocyte lipolysis and 
 � -oxidation without perturbing adaptive thermogenesis 

 We next examined whether deletion of Bscl2 in mature 
brown adipocytes also regulates BAT lipolysis and func-
tion. Interestingly, Ad-mKO mice demonstrated a tran-
sient increase in BAT mass at 4 weeks, which remained 
comparable 12 weeks after TAM administration (  Fig. 6A  ).  
The LDs in BAT of Ad-mKO mice predominately appeared 
unilocular and intercalated with both small and large 
LDs ( Fig. 6B ). Despite the alterations in LDs in BAT of Ad-
mKO mice, TG content was similar to Ctrl mice ( Fig. 6C ). 
However, as was observed in eWAT, PKA-mediated HSL 
phosphorylation was moderately increased in BAT of 

 Bscl2 deletion in mature adipocytes regulates whole-body 
energy homeostasis 

 We next measured indirect calorimetry in Ctrl and Ad-
mKO mice 3 weeks after TAM administration, at which 
time body mass and composition were similar among the 
two groups of mice to eliminate confounding variables. 
Surprisingly, Ad-mKO mice fed with CD had lower food in-
take [expressed per mouse (  Fig. 5A  ) or normalized to body 
weight (supplementary Fig. 6A)] during both light and 
dark phases, totaling a 12% reduction in caloric consump-
tion.  There was no difference in the activity levels between 
the two genotypes (supplementary Fig. 6B). The reduced 
food intake in Ad-mKO mice was independent of leptin, as 
plasma leptin levels were reduced in Ad-mKO mice 12 days 
after TAM administration and remained low ( Fig. 5H ), 
consistent with reduced leptin gene expression in eWAT of 
Ad-mKO mice ( Fig. 3C ). Oxygen consumption [expressed 
per mouse ( Fig. 5B )] was similar in Ctrl and Ad-mKO mice, 
and total energy expenditure over 24 h did not differ be-
tween the two genotypes ( Fig. 5C ). The respiratory ex-
change ratio (RER), however, was lower in the dark phase 
in Ad-mKO mice ( Fig. 5D ), consistent with increased fatty 
acid oxidation in adipose tissues of these animals ( Fig. 3E, 
F ). These metabolic changes in Ad-mKO mice largely dis-
appeared 12 weeks after TAM administration ( Fig. 5E–G ). 

  Fig. 5.  Bscl2 deletion in mature adipocytes regulates food intake and energy expenditure. Food intake 
(A), O 2  consumption (B), heat production (C), and RER (D) in Ctrl and Ad-mKO mice 3 weeks (3w) after 
TAM-induced Bscl2 deletion (n = 8 per group). Food intake (E), heat production (F), and RER (G) in Ctrl 
and Ad-mKO mice 12 weeks after TAM treatment (n = 6). H. Plasma leptin levels in 4 h-fasted Ctrl and Ad-
mKO mice 12 days (12d) and 12 weeks (12w) after TAM injection (n = 6–8). Energy expenditure (EE) (I) 
and RER (J) in response to NE stimulation in Ctrl and Ad-mKO mice 12 weeks after TAM injection (n = 6–7). 
* P  < 0.05, ** P  < 0.005.   
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Ad-mKO mice at early stages (12 days to 4 weeks), which 
normalized by 12 weeks after Bscl2 deletion ( Fig. 6D ). Iso-
lated brown adipocytes from Ad-mKO mice also exhibited 
increased basal lipolysis ( Fig. 6E ), and BAT homogenates 
from these mice converted more  14 C-palmitate to  14 CO 2  
( Fig. 6F ) and acid soluble metabolite ( Fig. 6G ), suggesting 
enhanced fatty acid oxidation capacity. The expression of 
brown adipocyte marker and  � -oxidation genes was simi-
lar in the two groups of mice, but there was  � 30% reduc-
tion in  Adrb3  gene expression 12 weeks after Bscl2 deletion 
(supplementary Fig. 7A, B). Bscl2 deletion in mature adi-
pose tissue was not associated with changes in brown adi-
pocyte recruitment (assessed by DNA content per brown 
fat pad) or mitochondrial biogenesis (assessed by mito-
chondrial copy number per nucleus) (supplementary Fig. 
7C, D). Also, UCP1 protein expression in skeletal muscle 
was similar in the two groups of mice (supplementary 

  Fig. 6.  Bscl2 deletion in mature brown adipocytes activates lipol-
ysis and  � -oxidation. A: BAT weight normalized to body weight 
(BW) in Ctrl and Ad-mKO mice 12 days (12d), 4 weeks (4w), and 
12 weeks (12w) after TAM-induced Bscl2 deletion (n = 6 per 
group). B: H&E staining of BAT from Ctrl and Ad-mKO mice 12 
weeks after TAM. C, D: TG content normalized to BAT weight (n = 
6/group) (C) and Western blot (D) of BAT in Ctrl and Ad-mKO 
mice fasted for 4 h at different stages as indicated. E: Lipolysis in 
isolated brown adipocytes (normalized to lipid content). F, G: Fatty 
acid oxidation rate of BAT homogenates based on conversion of 
 14 C-palmitic acid to  14 CO 2  (F) and acid soluble metabolites (ASM) 
(G) (n = 6 per group). H: Core body temperature measured before 
and after cold exposure of fed Ctrl and Ad-mKO mice for the indi-
cated hours and days (d) (n = 6–8 per group). Panels (B) and (E–
H) were performed on mice 12 weeks after TAM treatment. * P  < 
0.05; ** P  < 0.005.   

Fig. 7E). Despite the alterations in BAT and browning of 
WAT following deletion of Bscl2, rectal temperature was 
comparable between the two cohorts under ambient tem-
perature (21°C), and body temperature unexpectedly re-
mained similar after cold exposure in the presence of food 
for up to 7 days ( Fig. 6H ), suggesting preserved adaptive 
thermogenesis in Ad-mKO mice. 

 Thermoneutrality enhances body mass loss in 
Ad-mKO mice 

 Ambient temperature conditions (i.e., 21°C) impose a 
chronic thermal stress on mice which activates  � -adrenergic 
signaling, adipocyte lipolysis, and fat metabolism ( 44 ). To 
determine whether reduced ADRB3 expression in Ad-
mKO mice counter-regulates the browning-induced fat loss 
and energy expenditure at ambient temperature, we ex-
amined the effect of Bscl2 ablation under conditions 
whereby sympathetic activation was abrogated (i.e., at 
thermoneutrality,  � 30°C for mice) ( 44 ). We acclimated 
adult animals at 30°C for 1 week before administering 
TAM to induce Bscl2 deletion and then kept the mice at 
this temperature. By 12 weeks, the Ad-mKO mice weighed 
less than the Ctrl mice (  Fig. 7A  ).  Loss of eWAT and sWAT 
mass was greater as compared with that observed at 21°C 
(67% at 30°C vs. 54% at 21°C for eWAT; 57% at 30°C vs. 
45% at 21°C for sWAT) ( Fig. 7B ). In contrast, the weights 
of BAT and liver were increased in Ad-mKO mice under 
these conditions, suggesting that the primary effect of 
Bscl2 deletion under thermoneutral conditions is white 
fat loss. Histology revealed multi-locular LDs in both the 
eWAT and sWAT, but enlarged WAT-like unilocular LDs 
in BAT of Ad-mKO mice ( Fig. 7C ). Moreover, PKA-mediated 
HSL phosphorylation and PLIN2 protein expression were 
upregulated in eWAT of Ad-mKO mice at thermoneu-
trality 12 weeks after Bscl2 deletion ( Fig. 7D ). Not surpris-
ingly, eWAT from Ad-mKO mice housed at 30°C exhibited 
different gene expression profi les compared with Ctrl 
mice, with increased expression of browning genes and 
genes involved in  � -oxidation, and slightly decreased ex-
pression of  Adrb3  ( Fig. 7E ). These data suggest that the 
impact of Bscl2 ablation on metabolism and fat mass is 
more pronounced when animals are housed at thermo-
neutrality and sympathetic activity is low. 

 DISCUSSION 

 Utilizing a novel mouse model in which Bscl2 is induc-
ibly deleted in adipocytes of adult animals, we have char-
acterized the impact of acquired defi ciency of Bscl2 in 
mature adipose tissues (as opposed to the impact of em-
bryonic Bscl2 gene deletion on adipocyte differentiation/
adipose tissue development). Our data strongly suggest 
that loss of Bscl2 upregulates cAMP/PKA-mediated lipoly-
sis, browning, and lipid oxidation to induce fat loss, which 
is partially offset by blunted adipose tissue  � -adrenergic 
signaling through reduced ADRB3 receptor expression 
(  Fig. 8  ).  These changes highlight an important role for 
Bscl2 in regulating adipose tissue lipolysis, metabolism, 
and whole-body energy balance in adult animals. 
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browning, and lipid oxidation in mature adipocytes, re-
sulting in attenuated adiposity and protection from diet-
induced obesity. 

 Interestingly, our fi ndings reveal countervailing effects 
of Bscl2 deletion on lipolysis: namely, reduced adipocyte 
expression of ADRB3 and  � -adrenergic-stimulated lipoly-
sis, which opposed the increased basal lipolysis and fat loss 
in animals maintained at ambient temperature. Increased 
cAMP/PKA signaling has been reported in some, but not 
all, studies to downregulate ADRB3 in WAT ( 54, 62, 63 ). 
Reduced ADRB3 expression in Bscl2-deleted adipose tis-
sues suggests an intrinsic negative crosstalk between Bscl2 
and  � 3-AR signaling, although the mechanism remains 
to be determined. Blunted ADRB3-dependent signaling 
opposed the effect of browning to increase energy expen-
diture at ambient temperature (21°C), and in response to 
adaptive thermogenesis, in Ad-mKO mice. Collectively, 
these phenomena emphasize a complex role for Bscl2 in 
modulating sympathetic activation of adipocytes and 
whole-body energy balance that depend, in part, upon en-
vironmental conditions. 

 Targeted Bscl2 deletion in mature adipocytes unex-
pectedly attenuated food intake, in contrast to the hyper-
phagic effects of embryonic global Bscl2 gene deletion 
( 10–12 ). While the hyperphagia in  Bscl2   � / �   mice can be 
attributed to leptin defi ciency caused by an absence of 
adipose tissue, the lower plasma level of leptin in Ad-mKO 
mice suggests a leptin-independent mechanism for reduced 
food intake in Ad-mKO mice. One potential explanation is 
upregulated expression of Gdf15, a newly-identifi ed an-
orexigenic adipokine ( 64 ). While the mRNA expression of 
Gdf15 was signifi cantly increased in Ad-mKO mice (sup-
plementary Table 1), whether circulating Gdf15 levels are 
suffi cient to negatively regulate food intake remains to be 

  Fig. 7.  Thermoneutrality (30°C) enhances weight loss and lipid 
mobilization in Ad-mKO mice. A, B: Body weight (BW) (A) and 
tissue weight (B) as normalized to body weight. C: H&E staining of 
fat tissues. Scale bar = 100  � m. D, E: Western blot (D) and RT-PCR 
analyses (E) of eWAT (4 h fast). All data were collected from mice 
at thermoneutrality 12 weeks after TAM injection (n = 6 per group). 
Representative Western blot is shown. * P  < 0.05, ** P  < 0.005.   

  Fig. 8.  Proposed mechanisms whereby loss of Bscl2 regulates 
function of mature adipocytes. Acquired loss of Bscl2 in mature 
adipocytes activates basal cAMP/PKA-mediated lipolysis, browning, 
and lipid catabolism in adipose tissues, but paradoxically downreg-
ulates ADRB3 expression. Despite reducing adrenergic-stimulated 
lipolysis, deletion of Bscl2 in mature adipocytes promotes a lean 
phenotype in mice fed a CD and protects against HFD-induced 
obesity, but not insulin resistance and hepatic steatosis. How Bscl2 
regulates basal cAMP/PKA signaling and causes downregulation of 
ADRB3 remains unknown.   

 Global gene expression profi ling and biochemical data 
suggest that Bscl2 regulates cAMP/PKA signaling in WAT 
and BAT, and that its loss promotes lipolysis and TG break-
down in vivo. Notably, the changes in gene expression profi le 
in eWAT consequent to acquired Bscl2 deletion largely 
resemble those observed with  � 3-AR agonist stimulation and 
cold exposure, including lipolysis and browning ( 45–48 ), 
acute repression of leptin ( 49–52 ), increased Gyk ex-
pression, and cholesterol metabolism ( 53 ), infl ammation, 
and ER stress ( 54–56 ). Browning may result from the 
direct conversion of mature white adipocytes into beige 
cells, given that Bscl2 deletion is directed toward adipo-
nectin-expressing cells in our model. The enhanced lipol-
ysis resulting from Bscl2 deletion yields ligands that can 
activate PPAR �  ( 57 ), which in turn increases fatty acid oxi-
dation and oxidative phosphorylation. Increased fatty acid 
oxidation was also reported in  Drosophila dSeipin   � / �   fat 
body ( 18 ) and in residual eWAT of global Bscl2-defi cient 
mice ( 58 ). PLIN2 is typically not expressed by mature adi-
pocytes ( 59 ), but was detected during hormone-stimulated 
lipolysis ( 60 ) and in adipose tissues of mice with elevated 
lipolysis ( 35, 53, 61 ). Thus, upregulated PLIN2 in Ad-mKO 
adipose tissues is consistent with increased lipolysis, cor-
roborating our fi ndings in differentiating Bscl2   � / �    mouse 
embryonic fi broblasts and in residual adipose tissues from 
 Bscl2   � / �   mice ( 10 ). Overall, these data suggest that besides 
inducing cAMP/PKA-mediated lipolysis to inhibit adipo-
cyte differentiation, Bscl2 deletion also stimulates lipolysis, 



BSCL2 in mature adipocytes 1923

reductions in Bscl2 deletion effi ciency and  Pref 1 expres-
sion. This adipocyte turnover progressively attenuates the 
impact of Bscl2 gene deletion in Ad-mKO mice and results 
in a lean but not lipodystrophic phenotype. 

 The exact mechanisms whereby Bscl2 regulates cAMP/
PKA-mediated lipolysis remain unknown. Bscl2 was re-
ported to interact with SERCA to regulate calcium signal-
ing in the fat body of  Drosophila  ( 18 ). However, a direct 
link between calcium signaling and PKA-mediated lipoly-
sis in mammalian adipocytes has not been reported. As 
Bscl2 lacks homology to any proteins with known function, 
predicting its ultimate target is very challenging. Lack of a 
specifi c antibody that can localize the endogenous Bscl2 
protein by immunofl uorescent or immunochemical stain-
ing is also a signifi cant limitation. The close genomic vicin-
ity of  Bscl2  to  Gng3  ( 32 ), and the presence of a unique 
CAAX prenylation motif on Bscl2 resembling a G protein 
 �  subunit ( 33 ), suggest that Bscl2 may coordinate G pro-
tein signaling, although this hypothesis remains to be 
tested. 

 In summary, we demonstrate that adipocyte-specifi c 
Bscl2 deletion induces lipolysis and browning in mature 
adipose tissues but paradoxically downregulates ADRB3, 
thus exerting a complex effect on whole-body energy ho-
meostasis. Our data further highlight Bscl2 as a regulator 
of lipolytic pathways that have important relevance to lipid 
metabolism, body composition, and obesity, independent 
of its role in adipocyte differentiation and adipose tissue 
development.  
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established. Importantly, reductions in caloric intake in 
Ad-mKO mice are not suffi cient to fully account for the 
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